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including increased FCR and mortality, as well as increased costs associated with preventative controls [3] . Some of these preventative controls include the use of synthetic drugs, ionophoric anticoccidials, and modified vaccines that have been in use since the late 1940s [4, 5] . Ionophores and vaccines are still commonly used today with great success and have demonstrated improved live performance [6] [7] [8] [9] and also decreased lesion scores [6] [7] [8] . Live coccidiosis vaccines (LCV) sprayed at the hatchery can be used in rotation with anticoccidials to decrease development of pathogenic resistance. When used in rotation programs, LCV help restore sensitivity to anticoccidials by infecting chicks with drug-sensitive oocysts that produce progeny that are more likely sensitive to anticoccidials [10] . Therefore, it is important not to use anticoccidials in feed during the first 2 wk of growth to allow oocysts to recycle from the litter and subsequently provoke an immune response once ingested. However, if the LCV does not incorporate drug sensitive oocysts, LCV can lead to late cycling oocysts excreted into the litter. These anticoccidials, specifically ionophores, help reduce Eimeria parasite infections by acting as a "bridge" or "shuttle" to allow for free ion exchange disrupting Eimeria cell membranes [11] .
Today many poultry integrators are still using antibiotics and anticoccidials to medicate diets; however, due to the concerns with toxicity and consumer demand, synthetic drug use in the poultry industry has raised concern [4, 12] . Additionally, prolonged use of antibiotics and anticoccidials also has led to the emergence of Eimeria strains that are becoming increasingly resistant to the drugs; therefore, integrators are interested in incorporating new alternative products to help decrease resistance issues as well as provide a more natural product for the consumer [13] .
In addition to the previously mentioned controls, alternative feed additives have been found to help control coccidiosis including probiotics [14] and herb and essential oil blends [15, 16] . Research has shown that these alternative products added to feed maintain or improve broiler performance [14] [15] [16] [17] . More recent trials have found that probiotics (PRO) can be beneficial to broiler live performance [8, 9] as well as decrease lesion scores [7] [8] [9] . Herb and essential oil blends (EB) also have shown positive results in reducing necrotic enteritis, improving intestinal morphology, and stimulating the immune system [16, 18] . These contributions can lead to increased live performance of broilers by maintaining a healthy gut environment.
While extensive research has been conducted on these products individually and in some specific combinations, our objective was to determine feed additive inclusion strategies utilized to combat late cycling of coccidia with use of LCV, reestablish drug sensitivity, or provide alternative methods of medication for integrators progressing towards antibiotic free management. Therefore, the current study investigated industry applicable feed additive inclusion strategies during d zero to 49 and d 14 to 28 (for select treatments) to demonstrate the effects of various antibiotics, an anticoccidial, a Bacillus subtilis derived PRO, and an EB on live performance and gut characteristics of broiler chicks sprayed with 10× LCV.
MATERIALS AND METHODS

Diet Formulations
Diet formulations were proprietary and initially batched without feed additives at a commercial feed mill [19] . Basal diets were cornsoybean meal based and also contained meat and bone meal. The analysis of feed samples for each diet can be found in Table 1 . Starter-phase diets were fed from d zero to 14 in the form of crumbles. Grower, finisher, and withdrawal diets were fed in the form of pellets from d 14 to 28, 28 to 42, and 42 to 49, respectively. Prior to pelleting, feed additives were included in each respective treatment in a small mixer with approximately 11 kg of the basal diet. After 5 min of mixing, the small basal batch was then added to the large basal batch and mixed for an additional 4 min before pelleting.
Description of Dietary Treatments. Treatment (Trt) 1 birds were fed diets lacking feed additives, and are thus noted as the negative control (NC) hereafter. Treatment 2 birds also were fed diets lacking feed additives, but were sprayed with 10× LCV [20] and are henceforth reported as the positive control (PC). Birds fed the remaining Trt, 3 to 8, were sprayed with the 10× LCV and their experimental diets required feed additives (included as per the manufacturer's recommendations) and some treatments required the use of additives in combination. Table 2 is provided with the intention of explaining treatments and feed additive inclusions; however, Trt descriptions are also provided below: Chicks were feather-sexed so that 7 males and 7 females were randomly allocated to one of 96 floor pens (14 birds/pen) with a stocking density of 0.08 m 2 /bird. Each floor pen was equipped with a hanging commercial feeder and a nipple drinker line (3 nipple drinkers/pen). In addition, pens were top dressed with 5-year-old used litter from a commercial broiler house in which approximately 28 flocks were grown on during that time.
Ambient temperature started at 32 • C and decreased incrementally until 16.1
• C was reached on d 49. Lighting was adjusted so that birds received 32.3 lux from zero to 7 d with 23 h of light and one hour of dark. On d 10, birds received 19L:5D and light intensity decreased incrementally until 2.7 lux was reached on d 21; this lighting schedule and intensity were maintained for the remaining of the experiment.
Gastrointestinal Sampling
Sampling Procedure. On d 17, two birds (one male and one female) were removed and weighed from half of the replicate pens (48, 6 replications/treatment) for organ and gastrointestinal tract sampling, as well as histology slide creation. Males and females were chosen based on phenotypic characteristics; sex was confirmed upon sampling.
Tract and Organ Measurement. The duodenum, jejunum, ileum (meckel's diverticulum to ileo-cecal junction), and ceca were removed and individually weighed without the digesta contents. After digesta was removed, organ length was measured. The weight of the duodenum, jejunum, ileum, and ceca also were recorded as a percentage of live BW.
Intestinal Morphology. A small section (38.1 mm) of the duodenum, jejunum, and ileum was obtained from each bird that was used for GI tract measurements. The small piece of tissue was excised from the middle of each respective tract and then stored in a 20 mL white capped scintillation vial containing 10 mL of 10% buffered formalin [27] . Tissue samples were dehydrated and embedded in paraffin. One slide was prepared from each paraffin block and stained with alcian blue [28] . Two sections from the tissue sample were placed on every slide for staining. Using Motic Images Plus 2.0 software [29] , digital pictures were then taken of each slide at 4× and 40× with a Swift M10 Series microscope [30] and digital camera attachment [31] . Villus height, crypt depth, and goblet cell count were determined using ImageJ software [32] . These procedures follow similar methods used by Wang et al. [33] .
Intestinal Lesion Score. On d 17, 2 birds (one male and one female; sex confirmed upon sampling) were removed and weighed from the second half of the replicate pens (48, 6 replications/treatment) for lesion scoring. After cervical dislocation the digestive tract was removed. Lesion scoring was performed by poultry veterinarians blinded by treatment using methods adapted from Johnson and Reid [34] . Lesion scores were scored upon severity, with 1 being mild and 4 being severe. The duodenum was opened using a scalpel and lesions were scored if present as mild, small white nodules (#1) or, in the more severe cases, larger dark nodules (#4). This process was repeated for the jejunum, ileum, and cecum. Lesions scores were then recorded and average lesion score per treatment was determined.
Ileal Digesta Viscosity. At d 17, one male (sex was confirmed upon sampling) was removed from every pen. The bird was weighed and then killed via cervical dislocation. The contents of the ileum (meckel's diverticulum to ileo-cecal junction) were removed and individually collected in a plastic tube. Tubes were then placed on ice until all samples were collected, then transported to the Department of Poultry Science at Mississippi State University for viscosity determination.
First, individual digesta contents were homogenized in their respective tube. Then, 2 1.5 mL Eppendorf tubes were filled with the digesta and centrifuged at 9,500 × g for 5 minutes. Next, 250 μL of the supernatant was removed from each tube to create a pooled sample of 0.5 mL supernatant and transferred to the Brookfield digital viscometer [35] . Viscosity was determined by running at 12 RPM for 60 s at a shear rate of 90 s −1 at 25 • C. Procedures for this sampling were adapted from Corey and cohorts [36] .
Bird Performance
Live performance measured variables included average (AVG) BW and BW gain (BWG), pen feed intake (FI), and FCR for d zero to 14, 14 to 21, 14 to 28, 28 to 42, and 42 to 49, as well as cumulative d zero to 49. Mortality was collected daily and saved for necropsy, as well as sex determination. Mortality weights were used to calculate FCR.
Statistical Analysis
Each of the 8 treatments had 12 replicate pens, and treatments were assigned as a randomized complete block and blocked by location. Statistical analyses for this project were performed using the GLM procedure in SAS [37] . The experimental unit was one pen of 14 birds. Multiple comparisons were made with all treatment means using Fisher's Least Significant Difference test after one-way Analysis of Variance (ANOVA) was determined. For tract and organ measurements as well as morphology, 2 birds from each pen from blocks one to 6 (6 replications/Trt) were utilized. Lesion scoring utilized 2 birds/pen from the second half of the blocks, 7 to 12 (6 replications/Trt). Finally, ileal digesta viscosity used one bird/pen from each block (12 replications/Trt). Alpha was set at P ≤ 0.05.
RESULTS AND DISCUSSION
Bird Performance
All live performance results can be found in Table 3 . Pen feed intake and mortality % will not be discussed due to the non-significance of FI and the cumulatively low mortality % observed during the experiment (P > 0.05; Fisher's Least Significant Difference. 4 Significance level set at P ≤ 0.05. 5 Body weight gain. current data, previous research has shown that the addition of SAL to diets fed to 42-day-old broilers improved BW when compared to birds receiving NA and a coccidiosis challenge [8] . Additionally, VM has been reported to increase BW at d 49 when compared to diets without antibiotics [38] . While VM has traditionally been used as a growth-promoting antibiotic, the addition of SAL at d 14 to 28 may have provided anticoccidial effects to the diet and therefore led to this significant improvement in BW observed over the course of the experiment. The similarities between Trt 3 (VM+SAL) and Trt 5 (BMD+PRO) and Trt 7 (BMD) help demonstrate that more than one feed additive strategy may be applicable to the industry. In consideration of the efficacy of BMD, d 49 BW was significantly increased in birds when diets were supplemented with BMD compared to diets lacking the additive [38] . Improvements in BW provided by supplementation of PRO also have been reported in several studies when compared to control diets [8, 39] . The benefits observed while supplementing with PRO could be due to probiotic bacteria's competitive exclusion characteristics for attachment sites on the intestinal epithelial cells [7, 8] ; however, this cannot be confirmed by the current study. An additional measurement period was added, d 14 to 21, due to the prepatent period of 4 to 5 d following oral infection and maximum oocyst shedding 6 to 9 d following [40] . This period also was included to determine if feed additive strategies could reduce negative effects observed by recycling oocysts. Additionally, this period can shed light on the extent of our coccidiosis challenge provided via 10× LCV. Average d 21 BW was not significantly affected by the Trts; however, a trend was established (P = 0.080; Table 3 Table 3 ). Considering that d 49 BW also demonstrated birds fed Trt 2 (PC) had the significantly lowest BW at the end of the study (P = 0.0013; Table 3 ), we can speculate that some 4 Significance level set at P ≤ 0.05.
level of challenge was provided via 10× LCV. Birds fed Trt 4 (VM) also numerically demonstrated the lowest d 21 BW; however, these birds demonstrated low BW throughout the remainder of the trial, providing speculation that the EB was not effective in improving or maintaining growth performance with 10× LCV. In regard to BWG during each specific phase of feeding and cumulative, only d zero to 14, 14 to 28, and zero to 49 were significantly affected by Trts. During d zero to 14 and d 14 to 28, birds that were fed Trt 3 (VM+SAL) demonstrated improved BWG (P = 0.018 and P < 0.0001, respectively; Table 3) Table 3 ) during the cumulative study, d zero to 49, when compared to Trt 2 (PC) and the remaining Trt. We hypothesize that the feed additive strategies utilized with the addition of SAL to VM (Trt 3) and increased dose of BMD during d 14 to 28 may have helped reduce the negative effects of recycling oocysts and, therefore, consequently improved BW and BWG.
FCR Effects. Feed conversion ratios were significantly affected by Trt during the periods d zero to 14 and 14 to 28. During d zero to 14 birds fed Trt 4 (VM) or Trt 7 (BMD) demonstrated the lowest FCR when compared to birds fed Trt 2 (PC) (P < 0.05; Table 3 ). It should be noted, during this period Trt 3 (VM+SAL), 5 (PR+BMD), 6 (EB), and 8 (BMD+SAL) demonstrated similar improvements and can be noted by the difference of one point in FCR (Table 3 ). The improvements made to FCR are verified through previous research that utilized inclusions of VM 4 Significance level set at P ≤ 0.05. 5 Average.
or BMD into diets and compared the performance of birds fed unmedicated diets [38, 41, 42] ; VM and BMD use has been prevalent in the poultry industry for many years [43] . During d 14 to 28 birds that were fed Trt 8 (BMD+SAL) demonstrated improvements to FCR when compared to birds fed Trt 2 (PC) (P = 0.002; Table 3 ). It is interesting to note that at this time period Trt 3 (VM+SAL) performed statistically similar to Trt 8. During this time period the common feed additive in both diets was SAL. Comparing Trt 3 (VM+SAL) to Trt 4 (VM), we can see that Trt 4 was significantly higher than Trt 3. Thus in this case, SAL appears to have had a beneficial role on FCR during d 14 to 28. However, the same type of comparison cannot be made for Trt 8 (BMD+SAL) and Trt 7 (BMD) because both Trt utilized a change of feed additive inclusion strategy during d 14 to 28. In regard to SAL, improvements in FCR have been noted in d 15 to 21 [7] and d 15 to 28 [8] during previous studies. Despite some of the conflicting data reported above, it must be noted that in the current study no significant differences were observed for overall d zero to 49 FCR (P > 0.05; Table 3 ).
Gastrointestinal Tract Measurements
Feed additive strategy demonstrated no effect on duodenum, jejunum, ileum, and ceca weights, % BW, or length (P > 0.05; Table 4 ). Additionally, no significant differences were found for AVG villus height, crypt depth, and goblet cell count of the duodenum, jejunum, and ileum (P > 0.05; Table 5 ).
Intestinal Lesion Scores
Before discussing lesion score data it should be noted that diets containing d 14 to 28 feed additive interventions (Trt 3, 7, and 8) were not fed for an extended period of time before sampling on d 17. These interventions were utilized to reduce the negative effects accompanied by LCV and recycling of oocysts. It must be noted that lesion scores were reported as an average of 2 birds from each replicate group. Overall, lesion scores found were most commonly scored as 1 (mild) in birds sampled. Obtained results indicate that the 10× LCV and used litter served only as a slight or mild challenge. Specifically, lesion scores of (Salinomycin d 14 to 28) ); One proposed male and one female (based on phenotypical characteristics) were sampled from half the blocks (7-12) (6 replications/Trt). 2 Standard Error of the Mean. 3 Fisher's Least Significant Difference. 4 Significance level set at P ≤ 0.05. 5 Eimeria acervulina is commonly found in the duodenum and noted by white or grayish lesions. 6 Eimeria maxima lesions can be found in the jejunum and can be confirmed by thickening of intestine and use of microscope. 7 Eimeria maxima micro lesions were confirmed using a microscope due to the diagnostic nature of large oocysts. 8 Eimeria tenella is commonly found in the ceca and noted by blood and necrotic material in ceca. 4 Significance level set at P ≤ 0.05. 5 Unit of measure: Centipoise.
E. maxima and E. tenella were not significantly affected by the dietary Trt (P > 0.05; Table 6 ). However, birds that were fed Trt 3 (VM+SAL) and Trt 8 (BMD+SAL) demonstrated significantly decreased AVG lesion scores caused by E. acervulina (P = 0.017) when compared to birds fed Trt 2 (PC). These results are consistent with previous research in which addition of SAL was reported to decrease lesion scores caused by E. acervulina [6, 7] . We believe the reduction in lesion score was attributed to the inclusion of SAL, as ionophores combat Eimeria parasites by allowing bidirectional exchange of ions, thus disrupting the cell membranes. This also can be noted by the differing results of Trt 4 (VM) and Trt 3 (VM+SAL) ( Table 6 ). Due to the increased dose of BMD during d zero to 14 for Trt 7 (BMD), the comparison to Trt 8 (BMD+SAL) cannot be clearly defined (Table 6 ).
Ileal Digesta Viscosity
Birds fed Trt 3 (VM+SAL) demonstrated significantly increased digesta viscosity compared to Trt 2 (PC) (P < 0.0001; Table 7 ). This viscosity is relatively high compared to other viscosity measurements obtained, but due to cumulative d zero to 49 performance data demonstrating Trt 3 as one of the most beneficial Trt in regards to BWG and lesion score, this could be the optimal digesta viscosity. However, Trt 5 (BMD+PRO) and Trt 7 (BMD) yielded similar results in regards to d zero to 49 BWG yet significantly lower ileal digesta viscosity. To our knowledge the effects of various feed antibiotics, anticoccidials, and alternative products on digesta viscosity are not clearly defined; however, the increased viscosity could have allowed for decreased rate of passage and thus increasing nutrient absorption that might be correlated to live performance benefits observed in Trt 3 [44] .
Overview
This study suggests that integrators interested in LCV application can adopt feed additive inclusion strategies of VM and SAL during the d 14 to 28 feeding phase (Trt 3), PRO, and BMD (Trt 5) throughout, and BMD with an increased dose during d 14 to 28 (Trt 7). Given that some of the tested feed additives in this study were included in diets alone or in combination, further research is warranted during a phase feeding grow-out to better determine their effects on broiler intestinal and live performance characteristics. 
CONCLUSIONS AND APPLICATIONS
